The |Ȟ| = 2 states emerge at B = 0.7 T, and all symmetries are broken for B 3 T.
grows with magnetic field and scales as magnetic field divided by temperature. This resistance is predominantly affected by the perpendicular component of the applied field, indicating that the broken symmetry states arise from many-body interactions.
The linear dispersion of graphene near its Fermi energy gives rise to low-energy excitations that behave as massless Dirac fermions 2 . These quasiparticles exhibit an anomalous integer quantum Hall effect 7, 8 in which the Hall conductivity is quantized at values of ı xy = Ȟe 2 /h for filling factors Ȟ = 4(N + 1/2). Here, N is an integer, e is the electron charge, h is Planck's constant, and the factor of 4 is due to spin and valley degeneracy. Recent measurements 9, 10 of graphene monolayers in high magnetic field B have revealed additional broken symmetry quantum Hall states at Ȟ = 0, ±1 and ±4, which have been proposed to arise due to quantum Hall ferromagnetism (QHF) [11] [12] [13] or the formation of excitonic energy gaps 14, 15 . The Ȟ = 0 state has received particular attention due to contradictory experimental observations. Some samples exhibit large magnetoresistance of ~10 5 -10 7 ȍ near the charge neutrality point [16] [17] [18] [19] , and this behavior has been ascribed to the opening of a spin gap 16 , the approach of a field-induced Kosterlitz-Thouless transition to an insulating state 17, 18 or the formation of a collective insulator 19 . Others, however, report 9, 10, 20 resistance of only ~10 4 ȍ, and attribute their findings to the existence of spin polarized counter-propagating edge modes 9, 20 .
While experimental investigations of broken symmetry quantum Hall states have so far focused only on graphene monolayers, recent theoretical studies have investigated QHF in bilayer graphene 21 and the resultant ground states at intermediate filling factors 22 . The physics is richer in bilayers due to an additional twofold orbital degeneracy in the Landau level (LL) spectrum 23 which leads to an eightfold degenerate LL at zero energy and a corresponding step of 8e 2 /h in ı xy . It has been shown both theoretically 24 and experimentally 25, 26 that a potential difference between the two layers opens an energy gap, leading to a plateau in ı xy at Ȟ = 0, but no other broken symmetry states have been observed. Here we report the fabrication of high quality suspended bilayer graphene devices (Figs. 1a and 1b) that exhibit full splitting of the eightfold degenerate zero-energy LL. The Ȟ = 0 state appears at B § 0.1 T and is characterized by an extremely large resistance that increases exponentially with the perpendicular component of B.
The |Ȟ| = 2 states emerge at B = 0.7 T, and all symmetries are broken for B 3 T.
We focus first on the behavior of our samples in zero magnetic field. Fig. 1c shows the resistivity ȡ of two suspended bilayers as a function of carrier density n. Each sample displays a sharp peak in ȡ with a full width at half maximum on the order of 10 10 cm -2 , comparable to suspended monolayer devices 5, 6 and an order of magnitude smaller than unsuspended bilayers 27 .
In all samples, the peak lies close to zero back gate voltage (|V peak | < 0.5 V), indicating that there is little extrinsic doping in our devices. As a measure of sample cleanliness, we can estimate the magnitude of carrier density fluctuations įn based on the carrier density dependence of the conductivity ı(n), shown in Fig. 1d . Near the charge neutrality point, local variations in potential lead to the formation of electron-hole puddles 28 , and ı(n) is expected 29 to remain constant in this regime because |n| < įn. In our suspended bilayers, įn is typically on the order of 10 10 cm -2 , and it reaches as low as 10 9 cm -2 in sample S3.
The temperature dependence of the minimum conductivity ı min (Fig. 1e) [30] [31] [32] .
In contrast to the typically reported linear behavior in bilayer graphene, ı(n) is sublinear in suspended samples (Fig. 1f) . If we assume mobility μ = (1/e)dı/dn, then μ typically ranges from 10,000-15,000 cm 2 /V·s in our suspended bilayers at carrier density n of 2-3x10 11 cm -2 .
These numbers represent a modest improvement of approximately a factor of two over unsuspended bilayers, but it remains unclear why the mobility is this low given the indications of sample quality discussed above, the low magnetic field at which we observe quantum Hall plateaus, and the high mobilities observed in suspended monolayers 5, 6 . Adam and Das Sarma predict 29 that the mobility of bilayer graphene should be more than an order of magnitude smaller than that of monolayer graphene. This discrepancy was not observed in unsuspended samples 27 , but mobility in such samples may be limited by disorder associated with the substrate.
It is also worthwhile to comment on the possibility that the sharp dip in conductivity at low n is enhanced by a small energy gap that opens due to disorder-induced differences in carrier density between the top and bottom layers of the flake 21 . Differences in density of a few times 10 9 cm -2 would lead to an energy gap 26 of approximately 0.3 meV.
We next discuss the magnetic field dependent behavior of our samples. Figs. 2a and 2b
show the conductance of sample S1 as a function of magnetic field and carrier density G(n, B), The appearance of quantum Hall states at Ȟ = 0, ±1, ±2 and ±3 indicates that the eightfold degeneracy of the zero-energy LL in bilayer graphene is completely lifted in our samples. The magnetic field at which these effects appear is over an order of magnitude smaller than has been reported for monolayers 9, 10, [16] [17] [18] [19] [20] . Broken symmetry states could arise from multiple causes, including spin splitting due to the Zeeman effect 16 , strain-induced lifting of valley degeneracy 33 , the opening of an energy gap due to a potential difference between the two layers 24 , or QHF 21 .
In our samples, the proximity of V peak to zero back gate voltage makes it unlikely that we observe an energy gap due to chemical doping 26 . It has recently been shown 34 that large-scale ripples appear in suspended graphene membranes when they are cooled from 600 to 300 K, but room temperature scanning electron micrographs of our suspended flakes do not show prominent corrugations (Fig. 1a) . The interaction energy due to QHF in bilayer graphene is expected to be two orders of magnitude stronger than spin splitting caused by the Zeeman effect 21 , so the observed broken symmetry states are unlikely to be associated with Zeeman splitting. We therefore tentatively attribute the symmetry breaking to QHF. The order in which broken symmetry states appear in our samples is indeed consistent with the expectations of Barlas et al., who predict 21 the largest energy gap for a spin polarized state at Ȟ = 0, followed by spin and valley polarized states at |Ȟ| = 2, and finally spin, valley and LL index polarized states at |Ȟ| = 1 and |Ȟ| = 3.
We now discuss in more detail the large magnetoresistance of the Ȟ = 0 state. Fig. 3 shows the maximum resistance of sample S3 in a small carrier density range around the charge ( Fig. 4d) , indicating that the low-energy excitations of the Ȟ = 0 state are not skyrmionic spin flip in nature 22, 35 . of the exchange-enhanced spin gap at Ȟ = 1 in GaAs samples also showed an energy gap that was linear in B. QHF predicts 21 ǻ ~ 100 meV for magnetic fields of a few Tesla, far larger than we observe, but this discrepancy is likely due to disorder in our samples.
Methods:
Suspended bilayer graphene devices are fabricated using a method similar to that described 
Hall Bar Devices
In addition to two-terminal devices, we have also fabricated and measured samples in the Hall bar geometry (Fig. S2a) , which exhibit broken symmetry states at Ȟ = 0, ±1 and ±2. The Ȟ = 0 state displays a large magnetoresistance in four-terminal measurements, so we conclude that this behavior is due to the graphene and is not caused by contact resistance. The longitudinal conductance ı xx of sample S5 is plotted in Fig. S2b as a function of Ȟ. Zeros in ı xx are clearly visible for Ȟ = 0 and Ȟ = ±4, and local minima are apparent for Ȟ = ±1 and Ȟ = ±2. Fig. S2c shows ı xy vs. Ȟ for the same flake. Again, the Ȟ = ±4 plateaus are well developed, and a plateau 2 at ı xy = 0 is also apparent at Ȟ = 0. Quantum Hall plateaus at other intermediate filling factors, however, do not reach their fully quantized values for B < 6 T. We therefore conclude that devices in the Hall bar geometry are more disordered than two-terminal devices, likely due to doping from the closely spaced contacts.
The decrease in cleanliness is also evident in the resistance R of sample S5 as a function of magnetic field B, which shows a spike at B § 4.5 T (Fig. S3a) . By measuring the two-terminal conductivity between the outer electrical contacts of the Hall bar design while shorting different pairs of inner contacts, we are able to determine that this spike is caused by inhomogeneity between different portions of the flake. Shorting some pairs of inner contacts does not affect the measured resistance, whereas shorting others allows the current to bypass the highly resistive region of the flake so that R at 6 T drops from more than 10 8 ȍ to less than 1 Mȍ (Fig. S3b ).
This not only shows that the flake in inhomogeneous, but also that the contact resistance of the electrical leads (at that of least the two outer contacts) is small compared to the resistances that we measure, providing further evidence that the highly resistive behavior is a fundamental property of the graphene itself. Figure 3 
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